NAVAL  POSTGRADUATE  SCHOOL 
Monterey ,  California 

jJiKLiikc 


THESIS 


DTIC 


ELECT  lI 
AUG  1  5  1988 

d4 


DEVELOPMENT  OF  A  BOUNDARY  LAYER 
CONTROL  DEVICE  FOR  TIP  CLEARANCE  EXPERIMENTS 
IN  AN  AXIAL  COMPRESSOR 

by 

Muliukur  Tarigan 
March  1988 


Thesis  Advisor: 


R.  P.  Shreeve 


Approved  for  public  release;  distribution  is  unlimited 


a  R£=CR'  3EC-R'<  C.ASS-;CA'0\ 

UNCLASSIFIED 


2a  3EC-9  "v  C_A$$  p  C-'  O'.  A_  -OR 


REPORT  DOCUMENTATION  PAGE 


•  D  RESTRICTIVE  MARKINGS 


;o  zec-ass  =  ca_  on 


I.VNGRADNG  SC-EOcj.. 


;=GA‘.  TV  RE-ORT  \wV3tRi,S) 


NAVE  G"  Vj  .'RCA'.  ZA*  CV 

Naval  Postgraduate  School 


6o  O FF  CE  SVM80L 
(If  applicable) 


3  DiSTRiBUT'ON  AuAlLABlL’TY  OF  REPORi 
Approved  for  public  release; 
distribution  is  unlimited. 


5  MONITORING  ORGANIZATION  REPORT  NuMBER(S) 


Ta  NAME  OF  MONITORING  ORGANIZATION 
Naval  Postgraduate  School 


■3c  ADDRESS  C  ty  Stare  anaZPCocie) 

7b  ADDRESS  (City.  State,  and  ZIP  Code) 

Monterey,  California  93943-5000 

Monterey,  California  93943-5000 

3d  NAVE  C:  R.'.GVC-  SPONSOR  V 
0  =  GAV  ZA-  ON 


8D  OFF'Cc  SYMBOL  9  PROCUREMENT  INSTRUMENT  iDENT'F'CATiON  NUMBER 
(if  applicable ) 


3c  aooresS  (City.  State  and  ZIP  Code) 


lE  ( include  Security  Classification) 


10  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO 


PROJECT 

TASK 

NO 

NO 

WORK  UNIT 
ACCESSION  NO 


DEVELOPMENT  OF  A  BOUNDARY  LAYER  CONTROL  DEVICE  FOR  TIP 
CLEARANCE  EXPERIMENTS  IN  AN  AXIAL  COMPRESSOR. 


'2  PERSONAL  Ao'hOR(S) 


TARIGAN,  MULIUKUR 


•3a  TY=E  0=  REPO3' 
Master's  Thesis 


’3b  t  VIE  COVERED 
PROM  TO 


14  DATE  OF  REPORT  (Year,  Month,  Day)  15  PAGE  COUNT 
MARCH  1988  66 


6  Supplementary nqta'on  The  views  expressed  in  this  thesis  are  those  of  the  author  and  do  not 
reflect  the  official  policy  or  position  of  the  Department  of  Defense  or  the  United  States 
Government . 


7  _ CQSat.  CODES  I  18  SUBJECT  TERMS  ( Continue  on  reverse  if  necessary  and  identify  by  block  number) 

C-ROup  I  Sub-group  |  1  Boundary  -Layer  MSpires ,j Axial  Compressor,  Case-Wall 

Boundary  Layer  Control*  7  ;  -  -  - 


'9  ABS'RACT  ( Continue  on  reverse  if  necessary  and  identify  by  block  number) 

•A  boundary  layer  control  device  was  designed  to  change  significantly  the  case-wall  bound¬ 
ary  layer  thickness  entering  a  large-scale,  multistage  axial  compressor.  The  device  was 
intended  to  double  the  boundary  layer  thickness  in  order  to  evaluate  the  influence  of  the 
inlet  boundary  layer  in  controlled  tip  clearance  experiments  being  conducted  on  the 
compressor.  The  boundary  layer  characteristics  expected  to  be  produced  by  the  control 
device  were  predicted  empirically  and  experimental  verification  was  required.  Kiel,  cobra, 
and  impact  probes  were  used  in  the  experiments  and  pressures  were  recorded  manually  using 
water  manometers.  The  geometry  of  the  boundary  layer  control  device,  an  annular  array  of 
spires,  was  derived  from  shapes  developed  for  simulating  the  atmospheric  boundary  layer  in 
large  rectangular  section  wind  tunnels.  A  significantly  thicker  boundary  layer  was  measured 
in  the  compressor  than  was  intended.  However,  the  results  were  interpreted  and  recommenda¬ 
tions  were  made  for  geometry  changes  necessary  to  achieve  the  intended  control  for  the  tip 
clearance  investigation.  ■  -  ■'  ■  ■ 


20  D  STR'BUTON  AVAILABILITY  OF  ABSTRACT 

E  UNCLASSIFIED  UNL.MrED  □  SAME  AS  RPT  Q  OTIC  USERS 

21  ABSTRACT  SECURITY  CLASSIFICATION 

UNCLASSIFIED 

22a  NAVE  Oc  RESPONSIBLE  iND'ViDUAi 

R.P.  SHREEVE 

22b  TELEPHONE  (Include  Area  Code) 

408/646-2593 

u2c  OFFICE  SYMBOL  1 

67Sf  1 

DO  FORM  1473, 84  mao 


83  APR  edition  may  be  used  until  exhausted 
ah  other  ed  tions  are  obsolete 


SECURITY  CLASSIFICATION  OF  THIS  page 

ttU.S.  GO¥«rnm«nt  Printing  Office*  t 


1 


UNCLASSIFIED 


Unproved  for  Public  release 


listribution  is  un  1  im  i  ♦-  e  d 


Developnent  of  a  boundary  Paver  Control  nevice 
for  Tin  Clearance  experiments  in  an  Axial  Compressor 


ny 


' 1 1 1 1 i ; i k u r  Taripat 
Major,  Indonesian  -Mr  Force 
B.S.,  Indonesian  Air  Force  Academy,  19(>6 


Submitted  in  partial  fulfillment,  of  the 
reou i reme n t =  for  the  deqree  of 


MASTER  OF  SC  I  FACE  10  AERONAUTICAL  FUG  I  'IFF  R I  MG 


from  tTe 


NAVAL  POSTGRADUATE  SCHOOL 
March  1938 


Author 


fluliukur  Tariaan 


Approved  by: 


Raymond  P.  Shreeve,  Thesis 


Advisor 


FTI  F~.  Platcer ,  Cha i rman 
Department  of  Aeronautics  and  Astronuatics 


_ 

Schache  r 

Dean  of  Science  and  Enqineerinq 


ABSTRACT 


A  boundary  layer  control  device  was  designed  to  change 
significantly  the  case-wall  boundary  layer  thickness  enter- 
inn  a  large-scale,  multistage  axial  compressor .  The  device 
was  intended  to  double  the  boundary  layer  thickness  in  order 
to  evaluate  the  influence  of  the  inlet  boundary  layer  in 
controlled  tin  clearance  experiments  being  conducted  on  the 
compressor.  The  boundary  layer  characteristics  expected  to 
be  produced  by  the  control  device  were  predicted  empirically 
and  experimental  verification  was  required.  Kiel,  cobra, 
and  impact  probes  were  used  in  the  experiments  and  pressures 
were  recorded  manually  using  water  manometers.  The  geometry 
of  the  boundary  layer  control  device,  an  annular  array  of 
spires,  was  derived  from  shapes  developed  for  simulating  the 
atmospheric  boundary  layer  in  large  rectangular  section  wind 
tunnels.  A  significantly  thicker  boundary  layer  was  measured 
in  the  compressor  than  was  intended.  However,  the  results 
were  interpreted  and  recommendations  were  made  for  geometrv 
changes  necessary  to  achieve  the  intended  control  for  the 
tip  clearance  investigation. 
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r.a  "-*?  nf  inlet  flow  distortion .  It  is  found  in  ora  ft  i  •- 
that  -nil  t  i-stane  core  connressors ,  once  developed,  ire  den 
v»rv  sens  i*-  i  ve  to  any  chance  in  the  tin-nan  between  t.h«» 
rotor  blades  and  the  case-wall.  In  particular,  chances  in 
the  tin-can  result  in  a  reduction  in  the  compressor  effi¬ 
ciency  and  a  loss  of  stability  narnin  in  distorted  inflow. 
In  view  of  the  need  to  develop  military  aircraft  enoines 
with  improved  thrust-to-weiaht  ratio  and  increased  tolerance 
to  distortion,  attention  has  been  oiven  in  recent  years  to 
unHetstandino  the  effects  of  tip  clearance  chance  on  the 
flow  in  axial  compressors.  A  larqe  scale,  multistaqe  axial 
compressor  facility,  which  would  allow  experimental  investi¬ 
gations  to  be  made  under  well-controlled  test  conditions, 
was  installed  and  prepared  for  that  purpose.  (Ref.  1) 

The  first  experiment  to  be  conducted  in  the  facility  is 
one  in  which  the  tip  clearance  will  be  increased  syste¬ 
matically  and  data  will  be  obtained  from  instrumentation  de- 
sicjned  to  resolve  the  important  chances  in  the  internal 
flow  field.  However,  the  -esults  of  this  experiment  would 
be  limited  to  the  particular  compressor-face  inlet  flow 
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conditions  which  the  test  installation  generated.  f'nknrwn, 
a  oriori,  is  the  inoortance  of  the  inlet  case- wall  boundary 
layer  orofile,  and  thickness,  in  relation  to  the  nhvsical 
gam  between  the  rotor  and  the  case-wall.  Thus,  it  is  eoual- 
ly  important  to  chance  the  boundary  layer  as  to  chance  the 
clearance  gao.  The  purpose  of  the  oresent  studv  was  to 
develoo  an  exnerimental  technique  to  be  used  to  control  the 
boundary  layer  thickness  enterinq  the  compressor. 

The  approach  was  to  use  an  array  of  "spires"  installed 
as  a  removable  element  in  a  throttle  housing  in  the  inlet 
duct.  The  presence,  and  design  of  the  throttle,  and  the 
difficulty  of  alternate  approaches  such  as  providing  suction 
on  the  scale  required,  sugaested  this  solution.  In  the  work 
that  is  reported  here,  the  design  of  the  spires  is  reviewed 
and  a  program  of  measurements  to  evaluate  the  effect  of  the 
spires  on  the  compressor  inlet  case-wall  boundary  layer,  is 
reported.  The  measurements  showed  that  the  boundary  layer 
with  the  spires  was  thicker  than  was  intended,  and  that  the 
velocity  profile  was  unacceptably  distorted. 

It  was  concluded  that  compromises  which  were  made  in  the 
manufacture  of  the  spires,  which  involved  approximating  the 
slender  cusped  shapes  with  linear  cuts,  were  unacceptable. 
Also,  the  installation  of  the  spires  as  a  circular  array 
within  a  round  duct  was  auite  different  from  the  linear 
geometry  within  a  large  wind  tunnel  that  had  provided  the 
data  on  which  the  design  was  based.  Recommendations  were 


made  for  changes  to  be  made  to  the  so  ires  to  achieve  the 


i 


coal  of  doubling  the  inlet  boundarv  layer  thickness  without 
changing  the  shape  of  the  velocity  profile. 
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1 1 .  COMPRESSOR  -VMQ  OPERATION 

The  compressor  test  facility,  data  collection  method, 
a^d  details  of  the  instrument  at  ion  used  are  discussed  in  the 
f  e  1  lowi  no  sections. 

1,  COMPRESSOR 

Tine  three-staqe  axial  compressor  facility,  presently 
assembled  with  a  new  desion  of  symmetrical  bladino,  was 
designed  to  serve  as  a  research  tool  for  a  variety  of 
experiments.  The  facility  is  shown  in  Fiqure  1. 

Two  different  sizes  of  inlet  bellmouths  were  provided  in 
order  to  idjust  the  pressure  differential  and  measure  flow 
rate  to  the  compressor  sat isf actor i ly  for  various  staqe  con- 
fiqurations  and  operating  speeds.  In  the  present  work,  the 
larger  bellmouth  was  used  (Ref.  2).  Views  of  the  bellmou  h, 
with  and  without  a  protective  mesh  screen  over  the  inlet, 
are  shown  in  Figure  2.  As  seen  in  the  figure,  the  airflow 
enters  the  compressor  from  outside  the  building  and  flows 
through  a  20-foot  long  duct  containing  a  throttle  device 
(Ref.  1)  to  the  compressor  test  section. 

The  compressor  blading  is  shown  in  the  two  parts  of 
Figure  3.  The  blading  is  removable  and  adjustable.  For  the 
present  experiments,  the  test  section  was  bladed  with  one 
row  of  inlet  guide  vanes  (IGV),  two  symmetrical  stages  (the 
first  stage  in  Fiqure  3  was  removed),  and  one  row  of  exit 
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View  o£  the  Inlet  Relinouth  Without  (a) 
and  with.  (h>)  a  Protective  f’esh  Screen 
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rinure  3.  (Continued)  Conoressor  Tladinn 
(d)  Stane  Tin  Section 
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guide  vanes  (EGV).  Each  stage  consisted  of  30  rotor  blades 


and  32  stator  blades. 


The  function  of  the  IGV's  is  to  turn  the  flow  to  produce 


the  radial  distribution  of  the  flow  ancle  renuired  by  the 


rotor  in  the  sv^retric  stage.  A  symmetric  stage  desinn  is 


one  in  which  the  velocity  diaoran,  shown  at  one  radius  in 


Piciure  4,  is  symmetrical  at  all  radii.  (Both  the  axial 


velocity  component  and  flow  ancles  vary  with  radius.)  At 


each  radius,  the  IGV  is  designed  to  produce  an  incidence 


with  respect  to  the  rotor  blade  equal  to  the  minimum  loss 


incidence  for  the  corresponding  two-dimensional  compressor 


cascade  (Refs.  3,  4,  and  5). 


The  compressor  test  ria  is  shown  in  Figure  5.  The 


compressor  is  driven  by  a  150  HP  electric  motor  coupled  by  a 


belt  drive  to  the  compressor  (Fiaure  6).  The  speed  of  the 


compressor  can  be  chanced  nominally  from  1600  to  2200  RPM  by 


changing  the  belt  drive  pulleys.  The  low  speed  drive  (1610 


RPM)  was  used  in  the  present  experiment. 


The  throttle,  located  approximately  mid-way  between  the 


inlet  bellmouth  and  the  compressor  face  (Fig.  1),  contained 


10  spaces  (8  useable)  for  inserting  different  screens  and 


throttle  plates.  A  view  of  the  throttle  is  shown  in  Figure 


7.  The  throttle  can  be  changed  only  by  stooping  the 


compressor . 
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Figure  6.  Electric  Motor  Drive 


Figure  7.  Throttle  Showing  Removable  Eleme. 


All  the  connections  between  the  inlet  hell^outh  anl  the 
co^nressor  were  sealed  to  eliminate  leaks  that  might  effect 
the  experimental  results. 

a.  t'iSTRi,MF;vr-trtoM  and  data  collect  i>rj 

Many  oorts  for  probes  are  provided  around  and  alonq  the 
compressor  case.  The  arrangement  of  instrumentation  used  in 
th°  present  experiments  is  shown  in  Figure  8.  Wall  static 
tans  and  probe  survey  stations  were  located  1.0  inches  in 
front  of  the  IGV's  at  the  selected  stations  around  the  co  - 
aressor  periphery  shown  in  the  figure.  Stagnation  pressure 
distributions  from  tip  to  hub  were  measured  using  a  travers¬ 
ing  impact  probe.  A  cobra  probe  was  used  similarly  to  mea¬ 
sure  stagnation  pressure  and,  by  prior  calibration,  static 
pressure  distributions  in  the  sane  location  (Figure  9a  and 
p).  In  the  latter  case,  pressure  ports  on  each  side  of  the 
dobra  probe  were  connected  to  the  U-tube  manometer  and  the 
probe  rotated  such  that  the  probe  was  always  facing  the 
airflow.  The  Kiel  probe  was  installed  and  held  fixed  on  the 
centerline  of  the  duct.  Pressure  distributions  in  the  probe 
surveys  were  referenced  to  corresponding  values  of  total 
pressure  on  the  centerline  and  static  pressure  at  the  case- 
wall.  The  differences  between  probe  total  pressure  and  wall 
static  pressure  and  between  orobe  total  pressure  and  Kiel 
orobe  pressure  were  recorded  manually  after  carefully 
adjusting  two  Meriam  micromanometers.  The  connections  to 
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Figure  9.  (Continued)  Probes 


(b)  Views  of  Probe  Tins  and  Actuators 


and  a  view  of  the  micromanometers  are  shown  in  Finure  10. ^  a ) 


and  Fiaure  10. (b),  respectively.  The  scales  of  the  ’leriam 
'"anoneters  were  adjusted  to  zero  before  each  experiment. 

Auxiliary  instrumentation  included  a  digital  thermo¬ 
meter  to  measure  the  inlet  total  temperature  and  a  nulse 
counter  and  timing  wheel  to  record  the  rotational  speed  of 
the  compressor.  The  local  atmospheric  pressure  and  tempera¬ 
ture  were  measured  using  a  barometer  and  thermometer 
respectively,  located  inside  the  building.  During  each  test 
the  change  in  ambient  temperature  was  observed  to  be  negli¬ 
gible  and  no  correction  for  change  in  water  density  in  the 
Meriam  watermanometers  was  reguired.  Air  density  correc¬ 
tions  were  not  reguired  due  to  the  use  of  a  reference 
velocity  derived  from  the  centerline  probe. 


III.  BOUNDARY  LAYER  CONTROL  DEVICE 


The  boundary  layer  control  device  is  described  in  the 
followin']  section  and  the  design  intent,  actual  design,  and 
construction  are  discussed. 

A.  DESIGN  INTENT 

1  .  Requirements  and  Approach 

Normal  boundary  layer  conditions  at  the  compressor 
inlet,  from  earlier  experiments  with  uniform  screens,  were 
known  t'  be  <$  -  1.1  inches  and  6*  =  .13  inches.  The  boun¬ 
dary  layer  thickness  could  be  chanced  by  adding  a  boundary 
layer  control  device.  Either  by  suckinq  air  at  the  case- 
wall,  or  by  coolinq  the  case-wall,  the  boundary  laver  thick¬ 
ness  could  be  reduced.  In  the  planned  experiment,  it  was 
required  to  increase  the  boundary  laver  thickness  (<$*)  by  a 
factor  of  two  and  obtain  measurements  with  different  values 
of  the  tip  clearance  in  the  compressor.  Thus,  it  would  be 
possible  to  obtain  data  at  two  values  of  tip  clearance  while 
holding  the  ratio  of  boundary  to  tip  clearance  [<S*/t] 
constant. 

To  increase  6*  by  a  factor  of  two,  case-wall  roughness 
elements  and  graduated  screens  were  both  considered,  but 
rejected.  The  roughness  elements  could  not  be  removed 
readily  for  tests  with  thin  boundary  layers.  Previous 


experience  with  graded  screens  suggested  that  it  would  he 
difficult  to  oroduce  ax i -symmet r ic  uniformity  with  a  large 
graduated  screen  located  so  far  from  the  compressor  face. 

The  approach  taken  was  to  use  "spires"  installed  in  one 
of  the  blank  throttle  elements  as  shown  in  Fiaure  11. 


2 .  Oes  ign 

The  system  of  soires  has  been  used  previously  to 
oroduce  thickened  boundary  layers  in  rectangular  wind 
tunnels,  particularly  in  experiments  which  required  the 
careful  simulation  of  the  atmospheric  boundary  layer  (Ref. 
7).  In  Reference  7,  based  on  many  experiments,  the  data  in 
Table  I  were  given  for  a  non-dimensional  spire  qeometry  that 
produced  a  known  boundary  layer  thickness.  These  data  were 
used  in  the  present  design,  but  were  corrected  to  account 
for  the  circular  duct  configuration  and  annular  flow  con¬ 
traction  (Figure  12).  The  spire  qeometry  and  total  number 
of  soires  were  selected  using  the  information  in  Reference  7 
for  experiments  carried  out  in  a  wind  tunnel.  \  29-element 
spire  configuration  was  chosen  for  the  circular  arrangement 
to  avoid  possible  resonance  due  to  the  wakes  from  the  spires 
interacting  with  the  30  blades  of  the  rotor. 
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TABLE  I 


DIMEN’S  TONS  OF  STANDARD  HALF-WIDTH  SPIRES 


HEIGH . 


SPIRE  WIDTH 


3 

0.5000 

0.0016 

0 . 3750 

0.0111 

0 .3100 

0.0167 

0.2933 

0.0250 

0.2733 

0.0417 

0.2483 

0.0833 

0 . 2100 

0.1250 

0.1850 

0.1667 

0.1650 

0.2500 

0.1350 

0.3333 

0.1117 

0.4167 

0.0917 

0.5000 

0.0750 

0.5833 

0.0600 

0.6667 

0.0450 

0.7500 

0.0333 

0.8333 

0.0217 

0.9167 

0.0117 

1.0000 

0.0 

B.  CONSTRUCTION 

The  spire  geometry  (Fiqure  13(a)  could  not  he  machined 
locally,  and  therefore,  the  shape  was  aoproxinated  with 
linear  cuts  as  shown  in  Fiqure  13(h).  The  shane  was  cut 
hi"!  aluminum  alloy,  .25  inches  thick,  and  the  29-elements 
were  arranged  uniformly  in  a  circular  rinq.  Facia  snire  was 
attached  bv  three  flush,  countersunk  Phillips-head  screws  to 
the  rim  of  the  rinq.  Mo  lockinq  wire  was  necessary  since 
the  screws  were  prevented  from  backing  out  by  the  adiacent 
throttle  ring  installed  in  the  throttle  housing,  and  a 
screen  was  Positioned  downstream  of  the  spires  to  prevent 
any  possibility  of  damage  to  the  compressor. 
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TES  I  DROG°-\M 


The  test  nroqran  consisted  of  a  number  of  initial, 


exol oratory  flow 

field 

me  as u  re m 

ents 

and 

then 

a  s 

cries  of 

detailed  boundary 

1  a  y  e  r 

surveys 

to 

estah 

1  i  sh 

quant  i 

t  a  t  i  v  e  1  v 

the  effect  of  the 

sn  i  r es 

on  the 

boundary 

layer 

th  ic 

kness  at 

the  compressor  face. 

A.  PRELIMINARY  TEST 

before  conductinq  detailed  flow  surveys,  tests  were 
conducted  to  establish  an  arranqement  of  screen  and  spire 
elements  in  the  throttle  which  produced  a  similar  average 
mass  rate  of  through-flow  to  that  produced  by  a  selected 
combination  of  screens  only  (Ref.  8).  The  desired  through- 
flow  condition  was  one  which  was  well  removed  from  both 
stall  and  open  throttle  boundaries  on  the  compressor  nap. 
It  was  found  during  this  procedure  that  the  position  of  the 
scire  element  in  the  throttle  housing  was  important.  Less 
stable  compressor  operation  was  found  when  the  spire  element 
was  the  most  downstream  element.  As  a  result  of  these 
tests,  the  two  arrangements  summarized  in  Table  II  were 
selected,  and  the  test  program  summarized  in  Table  III,  was 
carried  out. 
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ARLF  II 


_ THROTTLE  CLEMENT  ARRA.'.'Qf 

THROTTLE  ELEMENT  CONFIGURATION 

LOCATION  (1) 

UPSTREAM  SCREE'!  ONLY 


THPOTTLE  ELEME' 
CON  F IGURATION 


1 


1 


IT 


SURVEYS 


COBRA  PRORE  &  KIEL  PROBE 


IMPACT  PROBE  &  KIEL  PROBE 


2 


IMPACT  PROBE  &  KIEL  PROBE 


U”«  L'W  t* 


ywm  iiywvnsn  V  T1 W vw Wff*n WWW  W  M.1  ^  -  JL-n  ^  *_-*  *-d  «n  *-r  «*-  ^  m/i  »r  -*v»  */i 


B.  STATIC  PRESSURE  DIRTRI BUTION  MEASUREMENTS 

In  Test  1/  with  the  throttle  elements  in  configura¬ 
tion  l,  a  survey  was  conducted  usinq  the  cobra  nrobe  to 
establish  the  radial  distribution  of  static  nressure  from 
outer  to  inner  case-wall.  The  procedure  in  this  experiment 
was  to  measure  the  "indicated"  static  pressure  from  the  side 
holes  of  the  cobra  probe  as  it  was  moved  step-by-step  from 
the  outer  wall  to  the  inner.  The  relationship  of  the  cobra 
probe  "indicated"  static  pressure  was  established  usinq  the 
case-wall  static  pressure  and  cobra  probe  measurements  adja¬ 
cent  to  the  wall.  The  survey  measurements  were  individually 
referenced  to  total  pressure  from  the  Kiel  nrobe  at  the 
center  of  the  axial  line  A- A  (Figure  8). 

The  static  pressure  so  obtained  is  shown  in  Figure  14. 
It  is  seen  to  decrease  linearly  from  the  wall  (Pc  )  to  the 
hub  surface. 

C.  BOUNDARY  LAYER  MEASUREMENTS 

In  Tests  2  and  3,  surveys  were  made  using  the  impact 
nrobe  from  the  outer  case  wall  to  where  the  imnact  pressure 
became  almost  constant.  Test  2  was  with  screens  only 
(configuration  1)  and  test  3  was  with  the  spire  element  in 
configuration  2  (Table  II).  The  results  are  shown  plotted 
in  Figure  15  and  listed  in  Table  IV  and  Table  V.  In  Figure 
15,  the  value  of  the  velocity  measured  on  the  center  line  of 
of  the  annulus  has  been  used  to  normalize  the  profiles. 
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(Inches  of  Water) 


Fiqure  14.  Static  Pressure  Distribution  Ahead  of  the  Inlet 
Guide  Vanes  at  P,.  -Psw  =  7.25  inches  of  Water 


TABLE  IV 


T 

I 


j  > 

PRESSURE  DISTRIBUTION  DATA  FOR  CONFIGURATION  1  i  J 

Ri  =  RADIAL  DISPL.  INWARDS  FROM  CASE-WALL,  j  ' 


PRESSURES  ARE  IN  INCHES  WATER 


1 

1  Rt 

TpI  -  Pt. 

cL  S 

HI 

V/V« 

| 

o 

• 

o 

1 — ' 

1 

!  7.100 

-.060 

7.040 

-.0902 

.0923 

1 

> 

1 

i  0 .02 

1 

7.092 

-.318 

7.058 

-.0656 

.0671 

1  0  .  3 

1  0.2 

3.410 

3.6466 

7.075 

.7018 

.7179 

1 

i 

l 

i 

2.3195 

4.9920 

7.197 

.8142 

.8328 

] 

1 

|  0 .3 

1 .539 

5.5672 

7.073 

.8673 

.8872 

| 

!  0.4 

1.078 

6.0044 

7.038 

.9030 

.9237 

| 

0.5 

.755 

6.3286 

7.048 

.9264 

.9467 

1 

0.7 

.388 

6.7828 

7.043 

.9594 

.9814 

: 

( 

i 

0.9 

.185 

6.9750 

7.060 

.9717 

.9948 

) 

I  .1 

.010 

7.1472 

7.125 

.9792 

1.0016 

( 

? 

1.5 

-.010 

7.3271 

7.065 

.9798 

1.0018 

i 

2.0 

-.0465 

7.2882 

7  .061 

.9980 

1.0184 

2.5 

.0 

7.3402 

7.6500 

.9987 

1.0187 

| 

3.0 

.065 

7.3518 

7.0835 

.9991 

1.0188 

3.4 

.071 

7.3967 

7.1890 

.9915 

1.0143 

| 

3.6 

.070 

7.4400 

7.110 

1.0000 

1.0299 

i 

3.8 

.101 

7.4702 

7.149 

1.0002 

1.0225 

4.2 

.009 

7.5859 

7.1590 

1.0068 

1.0293 

4.5 

.006 

7.6200 

7.126 

1.0109 

1.0340 

» 

5.8 

.091 

7.7524 

7.199 

1.0015 

1.0337 

6.0 

.012 

7.6776 

7.117 

1.0153 

1.0386 

' 

! 

J 
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table  V 


PRESSURE  DISTRIBUTION  DATA  FOR  CONFIGURATION  2 
Ri  =  RADIAL  DISPL .  INWARDS  FROM  CASE-WALL, 
PRESSURES  ARE  IN  INCHES  WATER 


RL 

pt  -  pt. 

Cl 

-  PN 

pt  ~ps 

CL  W 

v/VCl 

v/v® 

0.01 

7.009 

-.2179 

7.216 

-.1710 

-.1737 

0.02 

6.690 

.4292 

7.1170 

.2419 

.2456 

0 . 1 

3.800 

3.2621 

7.051 

.6698 

.6802 

0.2 

2.634 

4.4082 

7.0850 

.7768 

.7887 

0.3 

2.090 

5.0133 

7.070 

.8292 

.8421 

0.4 

1.848 

5.4029 

7.207 

.8529 

.8658 

0.5 

1.840 

5.3526 

7.191 

.8495 

.8627 

0.7 

1.733 

5 . 5393 

7.195 

.8614 

.8748 

0.9 

1.497 

5.7915 

7.189 

.8839 

.8976 

1.1 

1.397 

5.7872 

7.062 

.8915 

.  9053 

1.5 

1  .373 

6.1133 

7.193 

.9078 

.9219 

2.0 

1.000 

6.3632 

7.141 

.9295 

.9439 

2.5 

.915 

6.3938 

7.123 

.9308 

.9474 

3.0 

.484 

6.7183 

7.136 

.9555 

.9703 

3.4 

.032 

6.8056 

7.157 

.9891 

.9799 

3.6 

.156 

7.4020 

7.178 

1.0000 

1.0155 

3.8 

-.117 

7.5492 

7.264 

1.0000 

1.0194 

4.2 

-.227 

7.9146 

7.221 

1.0310 

1.0469 

4.5 

-.911 

8.1556 

7.098 

1.0556 

1.0719 

5.8 

-.411 

8.1954 

7.143 

1.0550 

1.0771 

-.337 

8.1086 

7.105 

1  .0520 

1.0654 

V. 


ANALYSIS  AN D  DISCUSS  ION 


This  section  of  the  report  describes  the  method  used 
to  calculate  the  boundary  layer  thickness,  discusse,  th& 
results  of  the  measurements  in  comparison  with  the  desiqn 
expectation,  and  summarizes  the  results. 

A.  CALCULATION  OF  DISPLACEMENT  THICKNESS 

The  displacement  thickness  obtained  for  conf iqurat ion  1 
from  earlier  experiments  was  .13  and  for  conf ioura t ion  2  in 
the  nresent  work  was  .53  inches.  The  method  was  as  follows: 
Bernoulli's  equation  (Ref.  9)  qives,  at  any  radial  station, 

pt  =  Ps  +  1/2  pvi2  (1) 

i  i 

The  reference  velocity,  V„,  based  on  total  pressure  at  the 

centerline  (Pv  )  end  static  pressure  at  the  wall,  (P_  )  is 
CL  " 

qiven  by 


ptr  -  psr  +  W2  pV.  2 
CL  CL 


(2) 


Using  the  results  given  in  Figure  14,  which  shows 

static  pressure  dropped  linearly  to  -0.8  inches 

from  the  tip  to  the  hub  at  a  distance  of  h  =  7.2 

p..  -  P_  =  7.25  inches  of  water, 

CL  sw 


that  the 
of  water 
inches,  at 
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(3) 


p-^)  =  0.11  (y-y)  =  n.ni53Ri 


Using  equations  (1),  (2)  and  (3),  the  ratio  of  velocity  at 
each  ^int  (Ri'  for  configuration  (2)  is  given,  in  terms  of 
the  static  pressure  distribution  for  configuration  1,  by 


/pti  *  psw 

'  p.  _  p 

fcCL  sw 


+ 


0.0153Ri 


and  the  centerline  velocity  by 


VCL 

v7~ 


/  1  +  0 . 0 1 53Rj 


(4) 


(5) 


Using  Equation  (4)  and  Equation  (5),  the  ratio  of  the 
velocity  at  each  point  to  the  velocity  at  the  centerline  is 
given  by 


are  known  at  each 


Prom  experiment  Pl  -  P_  and  P*.  -  p_ 

*'CL  SW  fci  si 

location  from  the  case-wall  to  the  hub.  The  boundary  layer 
profiles  for  configuration  1  and  conf iourat io->  2  which  are 
shown  in  Figure  15  were  obtained  using  Eguations  (4),  (5), 
and  ( 6  )  . 

The  boundary  layer  displacement  thickness  was  determined 
from  boundary  layer  profile  data  before  normalizing  to  the 
passage  centerline  velocity.  Referring  to  the  following 
sketcn ,  the  area  A— 1  and  area  A— 2  were  calculated  for  each 
displacement  (y)  of  the  probe  from  the  case-wall  using 


X*y  -0JY(  1  -  ^-)  dy  =  A- 2  (6) 

and 

At  dy  =  A— 1  (7) 

where  X  is  the  " f ree-stream"  value  of  V/Vm  and  At  is  the 
total  area  under  the  boundary  layer  profile.  The 


areas 


described  by  equations  (7)  and  (8)  were  plotted  as  a  func¬ 
tion  of  y  to  determine  the  dispacement  thickness  (6*).  The 
results  for  configuration  1  are  shown  in  Fiqure  16,  with  the 
data  Listed  in  Table  VI.  The  results  for  configuration  2 
are  shown  in  Fiqure  17,  with  the  data  listed  in  Table  VII. 


B.  COMPARISON  WITH  DESIGN  INTEiNT 


1 .  Boundary  Layer  Thickness 

The  effect  of  the  spire  element  on  the  boundary 
layer  thickness  is  clearly  to  increase  5  and  6*  .  Figure  18 
illustrates  the  effect  of  the  spire  element  on  both  the 
boundary  layer  profile  and  the  boundary  layer  thickness. 
The  overall  thickness  was  increased  from  1.1  to  4.5  inches. 
The  displacement  thicxness  was  increased  from  0.13  to  0.53 
inches.  The  boundary  layer  can  clearly  be  controlled  by 
selectinq  the  qeometry  of  the  spire,  combined  with  the 
selection  and  position  of  the  screens.  However,  the  goal  is 
to  produce  a  doubling  of  the  overall  and  displacement  thick¬ 
nesses  without  changing  the  shape  of  the  profile.  Clearly, 
in  the  results  shown  in  Figure  18,  the  overall  boundary 
layer  thickness  with  the  spire  element  exceeds  the  half- 
height  of  the  compressor  annulus. 


TABLE  VI 


INTEGRATED  VELOCITY  PROFILE  PARAMETERS  FOR 
CONFIGURATION  1 


\  1 

i  1 

y  ' 

Y 

y  I 

1  !  Ri 

j  (1-V/VJdy  j 

x  •  y-  /  (1-V/V00)dy 

A  t-/  (l-V/V.Jdy  I 

t  1 

I 

I  o  [ 

o  | 

o  1 

Ri 

Y 

/  (1-V/Vjdy 
o 

y 

x  •  y-  /  (  1-V/V,,,)  dy 
o 

y 

At-f  1 
o 

:  i-v/v^jdv 

0.0 

0.0 

0.0 

.  5716 

0.1 

.0586 

.0470 

.5130 

0.2 

.0901 

.1210 

1 

.4815 

0 . 3 

.1140 

.2027 

1 

.4576 

0.4 

.1343 

.  3880 

.  4473 

0.5 

.1537 

.4741 

.4179 

0.7 

.  1933 

.  5456 

.3783 

0.9 

.2262 

.7238 

.  3454 

1  .  1 

.2580 

.9032 

.3136 

1.5 

1 

7 

/ 

1 

2.0 

i 

/ 

1 

2.5 

i 

/ 

1 

3.0 

i 

/ 

1 

1 

i 

/ 

1 

3.4 

1 

/ 

l 

1 

3.6 

1 

/ 

1 

1 

3.8 

i 

1 

1 

1 

i 

/ 

4  7 

1 

1 

f 

4.5 

.5716 

4.1786 

0 

.0 

5.8 

.5716 

5.5501 

0 

.0 

6.0  | 

1 

1 

.5716 

5.7620 

0 

.0 

Determination  of  the  Displacement 
Thickness  for  Configuration  2 
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aporoaches  the  compressor  bladinq  can  be  calculated  using 
the  continuity'  equation, 

pAV  =  constant  (  9  ) 
assuming  the  airflow  is  uniform  and  axial  at  both  stations. 
Then  the  streamline  disnlacement  (A)  at  the  compressor  face 
is  given  bv 


p (  R ~  -  (R-s)2) 


p  IT  R2 


p  a  (  P 2  -  (R  -  A)2) 
p  TT  (  R 2  -  (R  -  h)2) 


(  10  ) 


where  the  notation  is  defined  in  Figure  19.  The  height 
the  spire,  S  =  8  inches,  R  =  18  inches,  and  the  annulus 

height  at  station  2,  h  =  7.2  inches.  Using  these  data  in 
equation  (10),  A  =  4.56  inches.  The  results  from  the  exper¬ 
iment  in  Figure  18  show  that  the  effect  of  the  circular 
spire  arrangement  on  the  airflow  extends  to  approximately 
4.5  inches  from  the  case-wall.  In  comparison,  in  the 
results  qiven  in  Ref.  7,  the  effect  of  a  linear  arrangement 
of  spires  on  the  boundary  layer  in  the  test  section  of  a 
large  wind  tunnel,  six  spire  heights  downstream,  extended  to 
approx imate ly  only  0.8  of  the  spire  height  from  the  wall. 
This  factor  was  applied  in  arriving  at  the  present  spire 
height.  The  difference  between  the  present  and  the  wind 
tunnel  results  may  be  due  to  the  significantly  different 
blockaqe  presented  by  the  spires  to  the  pipe  flow,  or  ray 
result  from  the  bluntness  of  the  present  shapes. 
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Drofile  Shane 


2  . 

In  comparing  the  two  profiles  in  Figure  13,  one 
significant  difference  and  one  noticeable  similarity  are 
noted.  First,  away  from  the  wall,  there  is  a  significant 
departure  in  the  profile  shape  for  configuration  2  from  a 
simnle  power-law  profile.  There  is  seen  to  be  a  sharp  gra¬ 
dient  in  the  velocity  deficit  out  to  the  edge  of  the  boun¬ 
dary  layer.  This  is  probably  the  result  of  the  bluntness  of 
the  soire  shape  used  in  the  experiments.  The  results  appear 
to  emphasize  the  necessity  to  achieve  the  very  slender, 
cusped  profile  shown  in  Figure  13(a)  rather  than  use  the 
blunt  approximation  shown  in  Figure  13(b). 

Second,  the  profile  close  to  the  wall  seems  little 
affected  by  the  spires.  This  may  be  the  result  of  the  level 
of  turbulence  inherent  in  the  pipe-flow  and  the  pipe- 
roughness,  but  suggests  that  it  mav  be  difficult  to  produce 
a  thicker  boundary  layer  using  spires  which  is  also  similar 
in  profile  shape  both  near  to  and  far  from  the  wall. 

3 .  Other  Considerations 

The  degree  of  axi-symnetry  was  examined  briefly 
during  the  experiments  by  rotating  the  spire  element  in  the 
throttle  housing.  Some  peripheral  non-uniformity  was 
detected,  however,  the  data  in  Figure  18  are  believed  to  be 
reasonably  representative  of  the  average  radial  behavior. 
The  degree  of  unsteadiness  in  the  flow,  which  made  it 


difficult  to  obtain  stable  readinqs  during  probe  surveys, 
did  not  measurably  affect  the  accuracy  of  the  ^ean  velocity 
profiles. 

C.  \CHIEVIMG  THE  REQUIRED  COMTROL 

The  velocity  nrofile  shown  for  configuration  1  in  Figure 
13  can  be  characterized  as  a  nearly  uniform  flow  with  a 
well-defined  turbulent  boundary  layer  at  the  case-wall.  The 
velocity  profile  shown  for  configuration  2  can  be  character¬ 
ized  as  a  very  thick,  irregular  case-wall  boundary  layer,  or 
alternately  described  as  a  wholly  distorted  velocity  profile 
across  more  than  half  the  compressor  blade  height. 

Since  the  purpose  of  the  overall  compressor  investiga¬ 
tion  is  to  examine  the  effects  of  tip  gap  on  the  compressor 
flow  field  and  performance  character istics ,  in  a  range  of 


tip  cle 

arance  gap  size 

which  is 

always 

very  much 

smal ler 

than  th 

e  blade  height, 

it  does 

not  make 

sense  to 

introduce 

rad ia 1 

distortions  in 

the  flow 

field  which  extend 

over  much 

of  the  span  of  the  blading.  This  is  not  within  the  scope  of 
the  proposed  investigation.  Any  variation  in  the  case-wall 
boundary  layer  must  be  confined  to  a  scale  which  remains 
small  compared  to  the  blade  height  or  the  investigation 
becomes  one  of  investigating  inlet  flow  distortion. 

Thus,  if  spire  elements  are  to  be  used,  it  is  very 
necessary  to  use  the  oriqinal,  sharply  cusped  spires  in 
order  to  recover  the  asymptotic  outer  boundary  layer 
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profile  shape.  A  reduction  in  the 


ire  height  to  or  eve> 


5  inches,  "lay  he  necessary  to  achieve  no  ^ore  than  doubl 
of  the  natural  boundary  layer  thickness. 


VI 


CONCLUSIONS  AND  RECOMMENDATIONS 


In  this  study,  a  rinq  of  spires  was  designed  and  shown 
exoer inental ly  to  increase  the  thickness  of  the  case-wall 
boundary  layer  at  the  compressor  inlet.  Ohile  an  increase 
in  the  overall  and  displacement  thicknesses  by  a  factor  of 
two  was  intended,  a  factor  close  to  four  was  measured.  The 
quantitative  differences  between  results  in  the  present 
experiment  and  results  obtained  using  spires  to  control 
boundary  layers  in  large  rectangular  wind  tunnels,  on  which 
the  desiqn  of  the  present  arrangement  was  based,  are  thought 
to  be  understood.  First,  the  slender  cusned  shape  of  the 
spires  was  approximated  in  the  present  case  by  a  blunt, 
thicker  profile  which  could  be  machined  with  straight  cuts. 
Second,  the  present  installation  of  the  spires  was  within  a 
circular  pipe,  with  a  much  larger  area  blockage  and  higher 
turbulence  levels  than  were  present  in  the  wind  tunnel 
anpl ication  . 

It  was  found  that  the  ring-element  of  spires  must  be 
installed  in  the  throttle  upstream  of  at  least  one  screen 


lement 

in  order 

to  reduce  oscillations  in 

the 

flow 

and 

ibrations  in  the 

compressor  to  acceptable  leve 

Is . 

The 

following 

recommendations  are  made 

in 

order 

to 

ch ieve 

the  intended  boundary  layer  control: 
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The  orininally  specified  qeometrical  shaoe  of  tn 
spire  elenents  should  he  machined,  without  compromise 
for  reasons  of  expense.  The  heiqht  of  the  soire 

should  be  reduced  to  h  or  6  inches. 

The  inlet  nine  iunctions  should  be  smoothed  and  all 
flanged  connections  should  be  tiqhtlv  sealed. 
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